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Abstract
Background: Signal Transducer and Activator of Transcription 3 (STAT3) is an oncogene, which promotes cell survival,
proliferation, motility and progression in cancer cells. Targeting STAT3 signaling may lead to the development of novel
therapeutic approaches for human cancers. Here, we examined the effects of epigallocathechin gallate (EGCG) on STAT3
signaling in pancreatic cancer cells, and assessed the therapeutic potential of EGCG with gemcitabine or JAK3 inhibitor
CP690550 (Tasocitinib) for the treatment and/or prevention of pancreatic cancer.
Methodology/Principal Findings: Cell viability and apoptosis were measured by XTT assay and TUNEL staining,
respectively. Gene and protein expressions were measured by qRT-PCR and Western blot analysis, respectively. The results
revealed that EGCG inhibited the expression of phospho and total JAK3 and STAT3, STAT3 transcription and activation, and
the expression of STAT3-regulated genes, resulting in the inhibition of cell motility, migration and invasion, and the
induction of caspase-3 and PARP cleavage. The inhibition of STAT3 enhanced the inhibitory effects of EGCG on cell motility
and viability. Additionally, gemcitabine and CP690550 alone inhibited STAT3 target genes and synergized with EGCG to
inhibit cell viability and induce apoptosis in pancreatic cancer cells.
Conclusions/Significance: Overall, these results suggest that EGCG suppresses the growth, invasion and migration of
pancreatic cancer cells, and induces apoptosis by interfering with the STAT3 signaling pathway. Moreover, EGCG further
enhanced the therapeutic potential of gemcitabine and CP690550 against pancreatic cancer.
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Introduction
Signal transduction and activators of transcription (STAT)
proteins is a family of cytoplasmic transcription factors which are
initially present in inactive forms [1,2]. They are stimulated by the
binding of signaling peptides, such as cytokine, growth factors, and
hormone, which results in dimerization of their cognate receptors
and activation of tyrosine kinases such as Janus kinase (JAK). The
activated tyrosine kinases could subsequently phosphorylate the
cytoplasmic domains of receptors to provide recognition sites for
non-phosphorylated STATs monomers. Once STATs are phos-
phorylated by activated tyrosine kinases after binding, they form
homo or hetero-dimers via their Src-homology 2 (SH2) domain
and rapidly migrate into the nucleus, where the dimers bind to
DNA sequences to active specific gene transcription [1,2].
Numerous experiments have demonstrated that normal physical
functions of STATs are critical in regulating many aspects of
cellular proliferation, differentiation, migration, and survival.
Among all the STAT family members, STAT3 is the most
intimately linked to cell survival and proliferation and tumorigen-
esis [3,4]. It is widely expressed in most tissues and is considered as
a potential oncogene. STAT3 is often constitutively active in many
human cancer cells, including multiple myeloma, glioblastoma,
leukemia, lymphoma, breast cancer, prostate cancer, lung cancer,
and neck cancer [5,6,7]. STAT3 can be activated by multiple
cytokines, including IL-6, IL-11, ciliary neurotrophic factor, and
leukemia inhibitory factor, which all use gp130-type receptors.
Interestingly, STAT3 can contribute to either apoptosis or survival
in different organs and cell types. It can promote the proliferation
in hepatocytes [8], neuron cells [9], and T cells [10], but is
indispensable for the apoptosis in mammary [11] and myeloid cells
[12].
STAT3 is a latent transcription factor that resides in the
cytoplasm. Upon activation by tyrosine phosphorylation, STAT3
dimerizes, translocates to the nucleus and binds to nuclear DNA to
modulate transcription of target genes. STAT3 phosphorylation is
principally mediated through the activation of non-receptor
protein tyrosine kinase family of JAKs, which include many
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Additionally, the STAT3 phosphorylation can also be mediated by
crosstalk with c-Src kinase [13,14,15]. The major phosphorylation
sites in STAT3 include tyrosine and serine residues at positions
Tyr
705 and Ser
727, respectively, located in the transactivation
domain. The activation of STAT3 results in expression of many
target genes required for tumor cell survival (e.g. Bcl-XL, Mcl-1
and survivin), proliferation (e.g. cyclin D1 and c-myc) and
angiogenesis [e.g. vascular endothelial growth factor (VEGF)] as
well as metastasis [16]. Thus, STAT3-signaling pathway has been
a favorite therapeutic target for drug development [17,18].
Gemcitabine (a nucleoside analog) showed more clinical benefit
on pancreatic cancer patients compared with the conventional
medications [19]. Some potent and selective JAK3 inhibitors, e.g.
CP690550, demonstrated significant clinical activity in cancer
[20,21]. CP690550 represents only a starting point in the search
for a safer small molecule immunosuppressant, and that an
isozyme-selective JAK3 inhibitor identified by rational drug design
might be substantially safer. In recent years, many new insights
have been gained into the investigation on a variety of purified
compounds from natural products. For instance, EGCG is the
major catechin from green tea and has been recognized as an
important chemopreventive agent and as modulators of tumor cell
response to chemotherapy [22,23,24]. It has been shown to inhibit
cell proliferation [25], induce apoptosis [26] in tumor cells,
prevent angiogenesis [27], modulate the invasion and migration of
cancers, and interfere with multiple signaling pathways, including
the nuclear factor-kB signaling pathway [28], epidermal growth
factor-mediated pathway [29], insulin-like growth factor-I signal-
ing pathway [30], mitogen-activated protein kinase-dependent
pathway [31], and proteasome degradation pathway [32].
In this paper, we examined the effects of EGCG on STAT3
signaling in human pancreatic cancer cells, and also assessed the
interactive effects of EGCG with gemcitabine or JAK3 inhibitor
CP690550 on their therapeutic potential. We found that EGCG
inhibited the expression of JAK3 and STAT3 (phospho and total),
STAT transcription and activation, and the expression of STAT3-
regulated genes, resulting in the inhibition of cell motility,
migration and invasion, and the induction of caspase-3 and PARP
cleavages. Inhibition of STAT3 by shRNA in pancreatic cancer
Figure 1. Effects of EGCG on pancreatic cancer cells. (A), Transwell migration assay. AsPC-1 and PANC-1 cells were plated in the top chamber of
the transwell and treated with EGCG (0–60 mM) for 24 h. Cells migrated to the lower chambered were fixed with methanol, stained with crystal violet
and counted. Data represent mean 6 SD. * or **=significantly different from respective controls, P,0.05. (B) Matrigel invasion assay. AsPC-1 and
PANC-1 cells were plated onto the Matrigel-coated membrane in the top chamber of the transwell and treated with EGCG (0–60 mM) for 48 h. Cells
invaded to the lower chamber were fixed with methanol, stained with crystal violet and counted. Data represent mean 6 SD. * or **=significantly
different from respective controls, P,0.05. (C), Caspase-3 activity. AsPC-1 and PANC-1 cells were treated with EGCG (0–40 mM) for 48 h, and the
caspase-3 activity was measured as per manufacturer’s instructions (Invitrogen). Data represent mean 6 SD. *=significantly different from respective
controls, P,0.05. (D), AsPC-1 and PANC-1 cells were treated with EGCG (0–60 mM) with or without gemcitabine (0.5 mM) for 48 h. Cells were
harvested and the Western blot analysis was performed to examine the expression of PARP and caspase-3. b-actin was used as a loading control.
PARP antibody recognizes cleaved PARP, and caspase-3 antibody recognizes cleaved/active caspase-3.
doi:10.1371/journal.pone.0031067.g001
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and motility. Our results demonstrate that activation of the
STAT3 signaling pathway is critical for the growth of pancreatic
cancer cells and suggest that EGCG targeting STAT3 signaling
may be a potential therapeutic intervention for pancreatic cancer.
Furthermore, the combination of EGCG with gemcitabine or
CP690550 had additive/synergistic effects on cell viability and
apoptosis.
Materials and Methods
Cell lines and culture conditions
Human pancreatic cancer cell lines AsPC-1 and PANC-1 were
purchased from the American Type Culture Collection (Manassas,
VA), and cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (Thermo Scientific) and 1% antibiotic-
antimycotic (Invitrogen) at 37uC in a humidified atmosphere of
95% air and 5% CO2.
Cell transfection
STAT3 shRNAs were designed using BLOCK-iT
TM RNAi
Designer (Invitrogen).The accession number was obtained from
the Gene bank. The sequences of STAT3 shRNAs (accession
number: NM_139276) are corresponding to the coding regions
398–416 (59- CCA CTT TGG TGT TTC ATA A-39), 1070–1088
(59-CCCGTCAACAAATTAAGAA-39), 1448–1466 (59-GCC
TCT CTG CAG AAT TCA A-39) and 1935–1953 (59-GGA
CAA TAT CAT TGA CCT T-39) nucleotides. AsPC-1 and
PANC-1 cells were transfected with a mixture of shRNAs using
Lipofetamine 2000 (Invitrogen). After 24 h of transfection, cells
were treated with EGCG. Cells were used for cell viability
detection, scratch assay, qRT-PCR and western blotting.
XTT Assay
Cells (1610
4 in 200 ml culture medium per well) were seeded in
96-well plate (flat bottom), treated with or without drugs and
incubated for various time points at 37uC and 5% CO2. Before the
end of the experiment, 50 ml XTT labeling mixture (final
concentration, 125 mM XTT (sodium 2,3-Bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt) and
25 mM PMS (phenazine methosulphate) per well was added and
plates were incubated for further 4 h at 37uC and 5% CO2. The
spectrophotometric absorbance of the sample was measured using
a microtitre plate (ELISA) reader. The wavelength to measure
absorbance of the formazon product was 450 nm, and the
reference wavelength was 650 nm.
Figure 2. EGCG inhibits JAK3/STAT3 pathway in pancreatic cancer. (A), AsPC-1 and PANC-1 cells were treated with EGCG (0–60 mM) for 48 h,
and the expression of STAT3 was measured by q-RT-PCR. Data represent mean 6 SD. * or **=significantly different from respective controls, P,0.05.
(B), AsPC-1 and PANC-1 cells were treated with EGCG (0–60 mM) for 48 h. The expression of STAT3, p-STAT3, JAK3 and p-JAK3 was measured by
Western blot analysis. b-actin was used as a loading control. (C), Expression of STAT3 in AsPC-1 and PANC-1 cells. Cells were treated with EGCG (0–
60 mM) for 48 h. After incubation, the expression of STAT3 was measured by immunoflurescence. DAPI was used to stain nuclei. For better visuality,
the color of DAPI was changed from blue to red. The green color represents the expression of STAT3. Red color=nuclei.
doi:10.1371/journal.pone.0031067.g002
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Cells (3610
4 per well) were seeded in a 96-well plate with 200 ml
culture medium. Approximately 16 h later, cells were treated with
various doses of EGCG. Casapse-3/7 activity was measured as per
manufacturer’s instructions (Invitrogen).
Scratch assay
AsPC-1 scrambled and STAT3 shRNA cells were seeded in 6
well dishes. When all the cultures were 50% confluent, a cross was
marked in the center of each dish using a 10 ml tip. The cells were
washed with PBS and cultured in fresh medium. The scratch
pictures were taken under a fluorescence microscope at 0, 24 and
48 h for the same positions after the cells were treated with EGCG.
Transwell migration assay
To determine the effect of EGCG on cell migration, AsPC-1 and
PANC-1 cells were platedin the top of chamber onto the noncoated
membrane (24-well insert; pore size, 8 mm; Corning Costar) at a
density of 1610
4 cells/well in RPMI medium containing 1% FBS,
andallowedtomigratetowardRPMI medium containing10%FBS
in the lower chamber. EGCG was added to the both chambers to
achieve the concentration of 0, 20, 40, 60 mM, respectively. After
24 h of incubation, cells were fixed with 4% paraformaldehyde and
stained with crystal violet. The migrated cells were counted under a
light microscope (four random fields per well).
Transwell invasion assay
To determine the effect of EGCG on cell invasion, AsPC-1 and
PANC-1 cells were plated in the top of chamber onto the Matrigel
coated membrane (24-well insert; pore size, 8 mm; Corning Costar)
at a density of 1610
4 cells/well in RPMI medium containing 1%
FBS, and allowed to invade toward RPMI medium containing 10%
FBS in the lower chamber. EGCG was added to the both chambers
to achieve the concentration of 0, 20, 40, 60 mM, respectively. After
48 h of incubation non-invaded cells were removed by cotton swab,
andinvaded cellswerefixedwith4%paraformaldehydeandstained
with crystal violet. The invaded cells were counted under a light
microscope (four random fields per well).
Transient transfection and STAT3 reporter
AsPC-1 and PANC-1 cells were cultured in 100 mm dishes and
transfected at 70% confluent with pGreenfire1-STAT3 reporter
plasmid usingLipofetamine 2000 (Invitrogen).After 24 h,cells were
treated with EGCG (0–80 mM). After incubation of 24 h, luciferase
activity was determined using the Dual-Luciferase Reporter Assay
System (Promega), according the manufacturer’s instructions on a
multilabel plate reader (Wallac Victor, Perkin-Elmer).
RNA isolation and real-time RT-PCR
Total RNA was isolated from AsPC-1 and PANC-1 cells using
TRIzol reagent (Invitrogen). RNA concentration was determined
using Nano Drop 2000 Spectrophotometer. cDNA was synthesized
and RT-PCR reactions were performed using SuperScript II
(Invitrogen) according to the manufacturer’s instructions. Real-time
PCR was performed on the Applied Biosystems 7300 Real-time PCR
System, using the following program: 50uCf o r2m i n ,9 5 uCf o r
10 min, and then 40 cycles of 95uC for 15 s and 60uCf o r1m i n .P C R
Figure 3. EGCG inhibits the expression of STAT3-regulated genes. (A), STAT3 activity. AsPC-1 and PANC-1 cells were transfected with
pGreenfire1-STAT3 reporter plasmid. Cells were treated with EGCG (0–80 mM). After incubation of 24 hours, luciferase activity was determined using
the Dual-Luciferase Reporter Assay System, according the manufacturer’s instructions on a multilabel plate reader. Data represent mean 6 SD.
*=significantly different from respective controls, P,0.05. (B), VEGF, Bcl-XL, c-Myc, Survivin and Cyclin D1 were detected by qRT-PCR. Data represent
mean 6 SD. *=significantly different from respective controls, P,0.05.
doi:10.1371/journal.pone.0031067.g003
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were performed in triplicate, and the relative expression of target
mRNA in each sample was normalized with that of mean GAPDH.
PCR primers sequences: GAPDH, forward primer 59- GAG
TCAACGGATTTG GTC GT -39;reverseprimer59- TTG ATT
TTG GAG GGA TCT CG -39; STAT3, forward primer 59- CCT
TTG ACATGG AGT TGA CC -39; reverse primer 59- TAAAAG
TGC CCA GAT TGC TC -39; Cyclin D1, forward primer 59-
TTC AAA TGT GTG CAG AAG GA -39, reverse primer 59-
GGG ATG GTC TCC TTC ATC TT -39; c-Myc, forward primer
59- CGA CGA GAC CTT CAT CAA AA -39, reverse primer 59-
TGC TGT CGT TGA GAG GGT AG -39; Survivin, forward
primer 59- TCC CTG GCT CCT CTA CTG TT -39, reverse
primer 59- TGT CTC CTC ATC CAC CTG AA -39; VEGF,
forward primer 59- AGA CAC ACC CAC CCA CAT AC -39,
reverse primer 59- TGC CAG AGT CTC TCA TCT CC -39;
BclXL forward primer 59- GCT CTC ACT CCC AGT CCA AA -
39, reverse primer 59-GCT GAG GCC ATA AAC AGC TC -39.
Immunofluorescent staining
AsPC-1 and PANC-1 cells were cultured in RPMI medium
containing 10% FBS and treated with EGCG (0, 40, 60 mM) for
24 h. Cells were then fixed with 4% paraformaldehyde and
stained with antibodies against STAT3 (mouse monoclonal IgG1;
Cell Signaling) at 4uC overnight. Cells were washed and again
incubated with anti-mouse-FITC secondary antibody (Sigma)
along with DAPI (0.5 mg/ml). Stained slides were mounted with
mounting medium and visualized under a fluorescence micro-
scope. For better visuality, the color of DAPI was changed from
blue to red. The green color represents the expression of STAT3.
Western blotting analysis
To detect different proteins, AsPC-1 and PANC-1 cells treated
with EGCG (0–60 mM) were washed with PBS and lysed in RIPA
buffer containing 16protease inhibitor cocktail. The lysates were
centrifuged and the supernatant was collected. Protein concentra-
tions were determined using the Bio-Rad Protein Assay (Bio-Rad).
Protein extracts (40 mg) were separated on 12.5% SDS-PAGE.
Transferred membranes were blocked using 5% nonfat dry milk
and incubated overnight with primary antibodies at 1:1,000
dilutions in TBS, followed by secondary antibodies conjugated
with horseradish peroxidase at 1:5,000 dilutions in TBS-Tween 20
for 1 hour at room temperature. Membranes were developed
using ECL Substrate. Protein bands were visualized on X-ray film
using an enhanced chemiluminescence system.
Figure 4. Inhibition of STAT3 enhances the inhibitory effects of EGCG on motility and cell viability of pancreatic cancer cells. (A),
AsPC-1 and PANC-1 were transfected with STAT3 shRNA. The expression of STAT3 was performed by Western blotting. (B), AsPC-1 scratch assay.
AsPC-1 scrambled and STAT3 shRNA cells were cultured in 6 well dishes. The scratch was marked when the dishes were 50% confluent. Pictures were
taken after the cells were treated with EGCG and incubated for 0, 24 and 48 h. (C), Cell viability assay. AsPC-1 and PANC-1 (scrambled and STAT3
shRNA) cells were seeded and treated with EGCG (0, 20, 40, 60 mM). After 72 h of treatment, cell viability was performed by XTT assay. Data represent
mean 6 SD. * or **=significantly different from respective controls, P,0.05.
doi:10.1371/journal.pone.0031067.g004
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The mean and SD were calculated for each experimental
group. Differences between groups were analyzed by one or two
way ANOVA using PRISM statistical analysis software (GrafPad
Software, Inc., San Diego, CA). Significant differences among
groups were calculated at P,0.05.
Results
EGCG inhibits migration and invasion of pancreatic
cancer cells, and induces caspase3 activity
It has been demonstrated that STAT3 plays an important role in
regulatingcell movementbycontrolling cytoskeleton reorganization
and cell adhesion properties [33]. Due to the correlation between
STAT3 and cell movement, we examined the effects of EGCG on
the migration and invasion of AsPC-1 and PANC-1. Cells were
platedin the top of chamber onto the noncoatedmembrane and the
Matrigel coated membrane for migration and invasion detection,
respectively. After the treatments of EGCG, the migrated and
invaded cells were stained and counted. The results show that the
migrated and invaded pancreatic cells reduced in a dose-dependent
manner (Fig. 1A and B). These data suggested that EGCG can
inhibit the migration and invasion of pancreatic cancer cells.
Caspase-3 is a member of the cysteine-aspartic acid protease
(caspase) family and activated in the apoptotic cell both by
extrinsic (death ligand) and intrinsic (mitochondrial) pathways
[34]. EGCG induced caspase-3 activity in a dose dependent
manner in both AsPC-1 and PANC-1 cells, as measured by
fluorometric assay (Fig. 1C). These data suggest that EGCG can
induce apoptosis by activating caspase-3.
EGCG enhances gemcitabine-induced cleavage of
caspase3 and PARP in pancreatic cancer cells
PARP is normally involved in DNA repair, DNA stability, and
other cellular events, and cleaved by members of the caspase
family during early apoptosis; therefore, it is a substrate for caspase
activity and a reliable marker of apoptosis [35]. We next examined
whether EGCG and gemcitabine interact together to cleave
caspase-3 and PARP in AsPC-1 and PANC-1 cells. EGCG and
gemcitabine alone induced cleavage of caspase-3 in both the cell
Figure 5. Effects of STAT3 shRNA on the regulation of cyclin D1, Bcl-XL and c-Myc by EGCG. (A), AsPC-1/scrambled and AsPC-1/STAT3
shRNA cells were treated with or without EGCG (60 mM) for 48 h. The expression of cyclin D1 was measured by q-RT-PCR. Data represent mean 6 SD.
*=significantly different from respective controls, P,0.05. (B), PANC-1/scrambled and PANC-1/STAT3 shRNA cells were treated with or without EGCG
(60 mM) for 48 h. The expression of cyclin D1 was measured by q-RT-PCR. Data represent mean 6 SD. *=significantly different from respective
controls, P,0.05. (C), PANC-1/scrambled and PANC 1/STAT3 shRNA cells were treated with or without EGCG (60 mM) for 48 h. The expression of Bcl-XL
was measured by qRT-PCR. Data represent mean 6 SD. *=significantly different from respective controls, P,0.05. (D), PANC-1/scrambled and PANC-
1/STAT3 shRNA cells were treated with or without EGCG (60 mM) for 48 h. The expression of c-Myc was measured by q-RT-PCR. Data represent mean
6 SD. *=significantly different from respective controls, P,0.05.
doi:10.1371/journal.pone.0031067.g005
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induced significantly more caspase-3 cleavage than single agent
alone (Fig. 1D). EGCG and gemcitabine alone showed PARP
cleavage in AsPC-1 and PANC-1 cells. By comparison, the
combination of EGCG with gemcitabine resulted in an enhanced
PARP cleavage. These data suggest that EGCG can induce
apoptosis by caspase-3 activation and PARP cleavage.
EGCG inhibits JAK3/STAT3 pathway in pancreatic cancer
We next examined the effects of EGCG on expression of
STAT3, phosphorylation of STAT3 and JAK3, and nuclear
expression of phospho-STAT3 in AsPC-1 and PANC-1 cells. To
examine the effects of EGCG on STAT3 expression, we
performed qRT-PCR analysis (Fig. 2A).
EGCG inhibited the expression of STAT3 mRNA in both
AsPC-1 and PANC-1 cells. We next measured the expression of
total and phosphorylated JAK3 and STAT3 by the Western blot
analysis (Fig. 2B). EGCG inhibited the phosphorylation of both
JAK3 and STAT3 in a dose-dependent manner in AsPC-1 and
PANC-1 cells. Surprisingly, the expression of both JAK3 and
STAT3 was also inhibited by EGCG. These data suggest that
EGCG can inhibit the expression of JAK3 and STAT3, as well as
their post-translation modification.
Since STAT3 is constitutively active in pancreatic cancer cells,
we next examined the effects EGCG on STAT3 expression by
immunofluorescence. As shown in Fig. 2C, EGCG inhibited the
expression of STAT3 (presence of the green color) in a dose-
dependent manner in both the cell lines. These data suggest that
inhibition of apoptosis by EGCG is associated with suppression of
JAK3/STAT3 pathway.
EGCG inhibits STAT3 transcription and expression of
STAT3-regulated genes
STAT3 is considered as an oncogene because it is correlated
with tumorigenesis [7]. Therefore, it is necessary to determine the
effect of EGCG on STAT transcriptional activity. Pancreatic
cancer cells were transfected with pGreen fire1-STAT3 reporter
plasmid and treated with EGCG (0–80 mM). After incubation of
24 h, luciferase activity was determined by reporter assay. As
shown in Fig. 3A, EGCG inhibited STAT3 transcriptional activity
in a dose-dependent manner in pancreatic cancer AsPC-1 and
PANC-1 cells.
Figure 6. EGCG and gemcitabine inhibit cell viability and STAT3 target genes. (A), AsPC-1 and PANC-1 cells were treated with EGCG (0, 20,
40, 60 mM) with or without gemcitabine (0.5 mM) for 72 h. Cell viability was measured by XTT assay. Data represent mean 6 SD. * or **=significantly
different from respective controls, P,0.05. (B), AsPC-1 and PANC-1 cells were treated with EGCG (0, 20, 40, 60 mM) with or without gemcitabine
(0.5 mM) for 72 h. Apoptosis was measured by TUNEL assay. Data represent mean 6 SD. * or **=significantly different from respective controls,
P,0.05. (C), Inhibition of STAT3 target genes by EGCG and gemcitabine. AsPC-1 and PANC-1 cells were treated with EGCG (20 mM) or gemcitabine
(0.5 mM) for 48 h. The expression of VEGF, c-Myc, survivin and cyclin D1was was measured by qRT-PCR. Data represent mean 6 SD. *=significantly
different from respective controls, P,0.05.
doi:10.1371/journal.pone.0031067.g006
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expression of many gene products involved in proliferation, cell
survival, angiogenesis and anti-apoptosis [7]. For instance, VEGF,
Bcl-XL, c-Myc, Survivin and Cyclin D1 are regulated by STAT3
activation [17,36]. As illustrated in Fig. 3B, STAT3-regulated
genes, c-Myc, Survivin and Cyclin D1 were inhibited by EGCG in
AsPC-1 and PANC-1 cells. EGCG also decreased the expression
of VEGF in AsPC-1 cells, and Bcl-XL in PANC-1 cells. These data
demonstrate that EGCG can inhibit the expression of STAT3-
regulated genes in pancreatic cancer cells. These STAT-3 target
genes have been shown to regulate cell proliferation, cell cycle,
apoptosis and angiogenesis.
Inhibition of STAT3 enhances the inhibitory effects of
EGCGoncellmotilityandviabilityinpancreaticcancer cells
In this work, STAT3 shRNA was used to silence STAT3 gene
expression in AsPC-1 and PANC-1 cells. STAT3 shRNA inhibited
the expression of STAT3 in both AsPC-1 and PANC-1 cells as
demonstrated by the Western blot analysis (Fig. 4A). To examine
the effects of EGCG on pancreatic cancer cells, scratch and cell
viability assays were performed using both scrambled and STAT3
shRNA cells. In scratch assay, the inhibitory effects of EGCG on
the migration of AsPC-1 cells were enhanced by inhibiting STAT3
gene expression (Fig. 4B). EGCG and STAT3 shRNA alone
reduced percent of viable AsPC-1 and PANC-1 cells in a dose-
dependent manner (Fig. 4C). Interestingly, the inhibitory effects of
EGCG on cell viability were further enhanced by STAT3 shRNA
in both the cell lines.
We next examined the effects of STAT3 shRNA on the
regulation of STAT3-target genes by EGCG. EGCG inhibited
the expression of STAT3-regulated gene Cyclin D1 in both AsPC-
1/scrambled and PANC-1/scrambled cells (Fig. 5 and B). STAT3
shRNA completely inhibited the expression of cyclin D1 in both
pancreatic cancer cell lines in the presence or absence of EGCG.
EGCG also inhibited he expression of Bcl-XL and c-Myc in PANC-
1/scrambled cells. Bcl-XL and c-Myc were also inhibited in PANC-
1/STAT3 shRNA cells compared to PANC-1/Scrambled cells.
However, EGCG was unable to further inhibit the expression of
Bcl-XL and c-Myc in PANC-1/STAT3 shRNA cells. These data
suggest that EGCG can regulate pancreatic cancer cell motility and
viability which are associated with STAT3 pathway.
Gemcitabine synergizes with EGCG to inhibit cell viability
and induce apoptosis in pancreatic cancer cells
Gemcitabine has emerged as a popular chemotherapeutic agent
in the treatment of advanced and metastatic pancreatic cancer,
and the benefit of this single-agent is small but significant in the
improvement of median overall survival [19]. To test the effects of
gemcitabine with EGCG on cell viability, pancreatic cancer cells
were treated with gemcitabine (0.5 mM) with or without increasing
concentrations of EGCG (0–60 mM) for 72 hours. As shown in
Fig. 5A, cell viability was inhibited by EGCG and gemcitabine
alone, and the inhibitory effects of gemcitabine on cell viability
were further enhanced by EGCG in these two cell lines (Fig. 6A).
We next examined the interactive effects of EGCG with
gemcitabine on apoptosis in both AsPC-1 and PANC-1 cell lines
(Fig. 6B). EGCG induced apoptosis in both the cell lines in a dose-
dependent manner. Similarly, gemcitabine induced apoptosis in
both AsPC-1 and PANC-1 cells. All the doses of EGCG further
enhanced the effects of gemcitabine on apoptosis. These data
suggest that EGCG can be combined with gemcitabine to treat
pancreatic cancer patients.
We next examined the effects of EGCG and gemcitabine on the
expression of c-Myc and cyclin D1 in AsPC-1 and PANC-1 cells
(Fig. 6C). EGCG and gemcitabine alone inhibited the expression
of VEGF, c-Myc, survivin and cyclin D1was in both the cell lines.
The combination of EGCG and gemcitabine had additive effects
on these target genes. These data suggest that EGCG can enhance
the therapeutic potential of gemcitabine in pancreatic cancer cells
by inhibiting STAT3.
JAK3 inhibitor CP690550 inhibits cell viability in
pancreatic cancer cells
CP690550 is a novel JAK3 inhibitor and expected to target
JAK3, which is expressed generally only in immune cells and is only
bound by gamma-chain-bearing cytokine receptors involved in the
JAK/STAT signaling pathway [37]. We next examined the effects
of CP690550 on cell viability in AsPC-1 and PANC-1 cells (Fig. 7).
CP690550 inhibited cell viability in both the cell lines in a dose-
dependent manner. These data suggest that CP690550 can be a
potential anticancer drug for the treatment of pancreatic cancer.
CP690550 synergizes with EGCG to inhibit cell viability in
pancreatic cancer cells
Since CP690550 induced apoptosis in pancreatic cancer cells,
we next sought to examine the interactive effects of CP690550 and
EGCG on cell viability and apoptosis of pancreatic cancer cells
(Fig. 8). To test the effects of CP690550 with EGCG on cell
viability and apoptosis, pancreatic cancer cells were treated with
CP690550 (0.5 mM) and increasing concentrations of EGCG (0–
60 mM) for 72 hours. As shown in Fig. 8A and B, EGCG and
Figure 7. CP690550 inhibits cell viability of AsPC-1 and PANC-1
cells. (A), AsPC-1 cells were seeded in 96 well plates at 4610
4 cells per
well and treated with CP690550 (0–15 mM) for 72 h. Cell viability was
measured by XTT assay. Data represent mean 6 SD. *=significantly
different from control, P,0.05. (B), PANC-1 cells were seeded in 96 well
plates at 4610
4 cells per well and treated with CP690550 (0–15 mM) for
72 h. Cell viability was measured by XTT assay. Data represent mean 6
SD. *=significantly different from control, P,0.05.
doi:10.1371/journal.pone.0031067.g007
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AsPC-1 and PANC-1 cell lines. Interestingly, EGCG further
enhanced the effects of CP690550 on cell viability and apoptosis in
both the cell lines. These data suggest that CP690550 can be
combined with EGCG to target pancreatic cancer cells.
Since EGCG and CP690550 inhibited cell viability and induced
apoptosis, we next sought to examine their effects on STAT3
target genes. EGCG and CP690550 inhibited the expression
VEGF, c-Myc, survivin and cyclin D1was in both the cell lines
(Fig. 8C). The combination of EGCG and CP690550 had additive
effects on these target genes. These data suggest that EGCG can
enhance the therapeutic potential of CP690550 in pancreatic
cancer cells by inhibiting STAT3.
Discussion
Pancreatic cancer belongs to the group of extremely aggressive
humancancers;conventional treatments havelittleimpact.In2010,
itaccountsforonly3%ofnew cancercasesintheUnitedStates,and
the fourth leading cause of cancer death. Only 6 percent of patients
will survive 5 years after diagnosis [38]. Various factors, which
include its aggressive nature, lack of early screening, absence of
therapeutic targets, and lack of effective treatments, make the
pancreatic cancer become one of the most difficult cancers to treat.
In recent years, the clinicians and cancer scientists have made some
significant advances into the management of the disease, especially
discovery and development of targeted therapeutics [39].
Many oncogenic molecular pathways including EGF/EGFR,
Ras-Raf-MEK, PI3K/Akt, JAK/STAT, p16INK4A/retinoblas-
toma, Smad4/TGF-b, and hedgehog signaling pathways, have
been reported to be involved in the pathogenesis of pancreatic
cancer [40,41,42,43,44,45]. Among them, STAT3 is thought by
many researchers as a suitable therapeutic target for drug
discovery because constitutive activation of STAT3 alone is
sufficient to induce the relevant disease, the inhibition of STAT3
signaling could suppress and reverse the development of relevant
disease, and the molecular mechanism of tumorigenesis caused by
STAT3 pathway has been well defined.
Chemoprevention was first defined by Sporn in 1976 and refers
to the use of natural or synthetic agents to reverse, suppress or
Figure 8. EGCG and CP690550 inhibit cell viability and STAT3 target genes. (A), AsPC-1 and PANC-1 cells were treated with EGCG (0, 20, 40,
60 mM) with or without CP690550 (0.5 mM) for 72 h. Cell viability was measured by XTT assay. Data represent mean 6 SD. * or **=significantly
different from respective controls, P,0.05. (B), AsPC-1 and PANC-1 cells were treated with EGCG (0, 20, 40, 60 mM) with or without CP690550 (0.5 mM)
for 72 h. Apoptosis was measured by TUNEL assay. Data represent mean 6 SD. * or **=significantly different from respective controls, P,0.05. (C),
Inhibition of STAT3 target genes by EGCG and CP690550. AsPC-1 and PANC-1 cells were untreated or treated with EGCG (20 mM) or CP690550
(0.5 mM) for 48 h. The expression of VEGF, c-Myc, survivin and cyclin D1 was measured by qRT-PCR. Data represent mean 6 SD. *=significantly
different from respective controls, P,0.05.
doi:10.1371/journal.pone.0031067.g008
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rationale and promising strategy by several recent epidemiological
studies in preventing cancer in high-risk populations. Because
natural compounds are generally cheaper and safer than synthetic
ones, there is growing interest in the possible therapeutic potential
of natural products against cancer. Many epidemiological,
preclinical, and clinical studies have demonstrated the cancer-
preventive effects of green tea [47,48,49,50]. The chemothera-
peutic and chemopreventive effects of green tea have been
attributed to the polyphenol components, especially EGCG, which
is the most abundant polyphenol in green tea and accounts for
more than 40% of the total polyphenol mixture [51]. In the recent
few decades, it was under intensive investigation by using animal
models of carcinogenesis and cultured tumor cell lines [29,52].
EGCG has demonstrated remarkable chemopreventive and
chemotherapeutic potential against various types of cancers, e.g.
skin, lung, breast, colon, prostate, stomach, and pancreas, by
modulating the intracellular signaling network [30,51,52,53].
In the present study, we provide strong evidence that EGCG
can inhibit cell viability and induce apoptosis of pancreatic cancer
cells. First, we found that the expression and activation of STAT3
were inhibited by EGCG, while the induction of caspase-3 activity
and PARP cleavage were enhanced. Moreover, this compound
also inhibited the invasion and migration of pancreatic cancer
cells, which has been reported to be implicated with STAT3 [54].
These results demonstrate that EGCG has a marked anti-cancer
effect on pancreatic cancer at least in part by the inhibition of
STAT3 signaling pathway. Second, we found that the STAT3
shRNA can alone reduce cell motility and viability of cancer cells.
Furthermore, STAT3 shRNA can enhance the inhibitory effects of
EGCG on cell motility and viability in pancreatic cancer cells,
suggesting that EGCG can influence some other gene/pathway
besides STAT3.
We also found that EGCG could suppress the expression of
STAT3-downstream genes, which include the angiogenic protein
VEGF, cell proliferative Cyclin D1, oncogenic transcription factor
c-Myc, and several anti-apoptotic proteins, including survivin and
Bcl-XL. Some genes are prominent targets for both NF-kB and
STAT3, such as Cyclin D1, Bcl-XL and c-Myc, while survivin is
STAT3-dependant. VEGF is also controlled by STAT3 and might
be indirectly regulated by NF-kB via HIF-1a [55,56,57,58]. The
EGCG-medicated inhibition of Cyclin D1, VEGF, and BclXL
transcription is consistent with previous reports [59,60,61], which
might result from the suppression of EGCG against both the NF-
kB and STAT3 pathways [62]. Similarly, the EGCG inhibition on
Wnt signaling and PI3K/Akt could also contribute to the down-
regulation of cMyc and survivin, respectively [63,64].
Pancreatic cancer is poorly treated by conventional chemother-
apies including gemcitabine due to the profound chemoresistance
through widely expressed HMGA1 [65]. CP690550 (Tasocitinib),
an orally active immunosuppressant, is being developed by Pfizer
for the treatment of inflammatory bowel disease, dry eyes,
rheumatoid arthritis, ankylosing spondylitis, psoriasis, psoriatic
arthritis, and for the prevention of transplant rejection
[21,66,67,68,69,70,71]. CP690550 specifically inhibits JAK3,
which has a pivotal role in cytokine signal transduction that
governs lymphocyte survival, proliferation, differentiation, and
apoptosis. Recent studies have demonstrated the anticancer
activity of CP690550 in various cancers [72]. In this study, we
found that gemcitabine, CP690550 and EGCG alone inhibited
cell viability, induced apoptosis and attenuated STAT3-regulated
gene transcription in AsPC-1 and PANC-1 cells. EGCG further
enhanced the effects of gemcitabine or CP690550 on cell viability,
apoptosis and on the expression of STAT3-target genes. Our
results provide a new application method, in which the use of
EGCG can enhance the therapeutic effects of anticancer drugs
while possibly reducing their side effects.
In conclusion, our findings provide unprecedented insights into
the STAT3 signaling pathway by which EGCG inhibits viability,
invasion and migration, and induces apoptosis in pancreatic
cancer cells. Inhibition of STAT3 by shRNA could suppress
viability of cancer cells, and down-regulate the STAT3-target
genes. Most importantly, EGCG further enhanced the therapeutic
potential of gemcitabine and CP690550 against pancreatic cancer.
Acknowledgments
We thank our lab members for critical reading of the manuscript.
Author Contributions
Conceived and designed the experiments: SS RKS. Performed the
experiments: ST JF. Analyzed the data: ST JF. Contributed reagents/
materials/analysis tools: SS RKS. Wrote the paper: ST.
References
1. Schindler C, Darnell JE (1995) Transcriptional Responses to Polypeptide
Ligands: The JAK-STAT Pathway. Annual Review of Biochemistry 64:
621–652.
2. Darnell J, Kerr I, Stark G (1994) Jak-STAT pathways and transcriptional
activation in response to IFNs and other extracellular signaling proteins. Science
264: 1415–1421.
3. Darnell JE (1997) STATs and Gene Regulation. Science 277: 1630–1635.
4. Darnell JE, Jr. (2002) Transcription factors as targets for cancer therapy. Nat
Rev Cancer 2: 740–749.
5. Berishaj M, Gao SP, Ahmed S, Leslie K, Al-Ahmadie H, et al. (2007) Stat3 is
tyrosine-phosphorylated through the interleukin-6/glycoprotein 130/Janus
kinase pathway in breast cancer. Breast Cancer Res 9: R32.
6. Bharti AC, Donato N, Aggarwal BB (2003) Curcumin (diferuloylmethane)
inhibits constitutive and IL-6-inducible STAT3 phosphorylation in human
multiple myeloma cells. J Immunol 171: 3863–3871.
7. Buettner R, Mora LB, Jove R (2002) Activated STAT signaling in human
tumors provides novel molecular targets for therapeutic intervention. Clin
Cancer Res 8: 945–954.
8. Welte T, Zhang SSM, Wang T, Zhang Z, Hesslein DGT, et al. (2003) STAT3
deletion during hematopoiesis causes Crohn’s disease-like pathogenesis and
lethality: A critical role of STAT3 in innate immunity. Proceedings of the
National Academy of Sciences of the United States of America 100: 1879–
1884.
9. Lee N, Neitzel KL, Devlin BK, MacLennan AJ (2004) STAT3 phosphorylation
in injured axons before sensory and motor neuron nuclei: Potential role for
STAT3 as a retrograde signaling transcription factor. The Journal of
Comparative Neurology 474: 535–545.
10. Akaishi H, Takeda K, Kaisho T, Shineha R, Satomi S, et al. (1998) Defective
IL-2-mediated IL-2 receptor alpha chain expression in Stat3-deficient T
lymphocytes. International Immunology 10: 1747–1751.
11. Chapman RS, Lourenco PC, Tonner E, Flint DJ, Selbert S, et al. (1999)
Suppression of epithelial apoptosis and delayed mammary gland involution in
mice with a conditional knockout of Stat3. Genes & Development 13:
2604–2616.
12. Takeda K, Clausen BE, Kaisho T, Tsujimura T, Terada N, et al. (1999)
Enhanced Th1 Activity and Development of Chronic Enterocolitis in Mice
Devoid of Stat3 in Macrophages and Neutrophils. Immunity 10: 39–49.
13. Ihle JN (1996) STATs: signal transducers and activators of transcription. Cell 84:
331–334.
14. Ren Z, Schaefer TS (2002) ErbB-2 activates Stat3 alpha in a Src- and JAK2-
dependent manner. J Biol Chem 277: 38486–38493.
15. Schreiner SJ, Schiavone AP, Smithgall TE (2002) Activation of STAT3 by the
Src family kinase Hck requires a functional SH3 domain. J Biol Chem 277:
45680–45687.
16. Devarajan E, Huang S (2009) STAT3 as a central regulator of tumor metastases.
Curr Mol Med 9: 626–633.
17. Yu H, Jove R (2004) The STATs of cancer [mdash] new molecular targets come
of age. Nat Rev Cancer 4: 97–105.
18. Aggarwal BB, Sethi G, Ahn KS, Sandur SK, Pandey MK, et al. (2006)
Targeting signal-transducer-and-activator-of-transcription-3 for prevention and
STAT3 Signaling in Pancreatic Cancer
PLoS ONE | www.plosone.org 10 February 2012 | Volume 7 | Issue 2 | e31067therapy of cancer: modern target but ancient solution. Ann N Y Acad Sci 1091:
151–169.
19. Burris H, Moore M, Andersen J, Green M, Rothenberg M, et al. (1997)
Improvements in survival and clinical benefit with gemcitabine as first- line
therapy for patients with advanced pancreas cancer: a randomized trial. Journal
of Clinical Oncology 15: 2403–2413.
20. Changelian PS, Moshinsky D, Kuhn CF, Flanagan ME, Munchhof MJ, et al.
(2008) The specificity of JAK3 kinase inhibitors. Blood 111: 2155–2157.
21. Tomillero A, Moral MA (2009) Gateways to clinical trials. Methods Find Exp
Clin Pharmacol 31: 661–700.
22. Shankar S, Ganapathy S, Hingorani SR, Srivastava RK (2008) EGCG inhibits
growth, invasion, angiogenesis and metastasis of pancreatic cancer. Front Biosci
13: 440–452.
23. Shankar S, Ganapathy S, Srivastava RK (2007) Green tea polyphenols: biology
and therapeutic implications in cancer. Front Biosci 12: 4881–4899.
24. Shankar S, Suthakar G, Srivastava RK (2007) Epigallocatechin-3-gallate inhibits
cell cycle and induces apoptosis in pancreatic cancer. Front Biosci 12:
5039–5051.
25. Liang Y-C, Lin-shiau S-Y, Chen C-F, Lin J-K (1997) Suppression of
extracellular signals and cell proliferation through EGF receptor binding by
(2)-epigallocatechin gallate in human A431 epidermoid carcinoma cells. Journal
of Cellular Biochemistry 67: 55–65.
26. Ahmad N, Feyes DK, Agarwal R, Mukhtar H, Nieminen A-L (1997) Green Tea
Constituent Epigallocatechin-3-Gallate and Induction of Apoptosis and Cell
Cycle Arrest in Human Carcinoma Cells. Journal of the National Cancer
Institute 89: 1881–1886.
27. Cao Y, Cao R (1999) Angiogenesis inhibited by drinking tea. Nature 398:
381–381.
28. Gupta S, Hastak K, Afaq F, Ahmad N, Mukhtar H (2004) Essential role of
caspases in epigallocatechin-3-gallate-mediated inhibition of nuclear factor
kappaB and induction of apoptosis. Oncogene 23: 2507–2522.
29. Shimizu M, Deguchi A, Lim JTE, Moriwaki H, Kopelovich L, et al. (2005) (2)-
Epigallocatechin Gallate and Polyphenon E Inhibit Growth and Activation of
the Epidermal Growth Factor Receptor and Human Epidermal Growth Factor
Receptor-2 Signaling Pathways in Human Colon Cancer Cells. Clinical Cancer
Research 11: 2735–2746.
30. Adhami VM, Siddiqui IA, Ahmad N, Gupta S, Mukhtar H (2004) Oral
Consumption of Green Tea Polyphenols Inhibits Insulin-Like Growth Factor-I–
Induced Signaling in an Autochthonous Mouse Model of Prostate Cancer.
Cancer Research 64: 8715–8722.
31. Dong Z, Ma W-y, Huang C, Yang CS (1997) Inhibition of Tumor Promoter-
induced Activator Protein 1 Activation and Cell Transformation by Tea
Polyphenols, (2)-Epigallocatechin Gallate, and Theaflavins. Cancer Research
57: 4414–4419.
32. Nam S, Smith DM, Dou QP (2001) Ester Bond-containing Tea Polyphenols
Potently Inhibit Proteasome Activity in Vitro and in Vivo. Journal of Biological
Chemistry 276: 13322–13330.
33. Abdulghani J, Gu L, Dagvadorj A, Lutz J, Leiby B, et al. (2008) Stat3 Promotes
Metastatic Progression of Prostate Cancer. Am J Pathol 172: 1717–1728.
34. Porter AG, Ja ¨nicke RU (1999) Emerging roles of caspase-3 in apoptosis. Cell
death and differentiation 6: 99–104.
35. Garcia Soriano F, Virag L, Jagtap P, Szabo E, Mabley JG, et al. (2001) Diabetic
endothelial dysfunction: the role of poly(ADP-ribose) polymerase activation. Nat
Med 7: 108–113.
36. Levy DE, Darnell JE (2002) STATs: transcriptional control and biological
impact. Nat Rev Mol Cell Biol 3: 651–662.
37. Kudlacz E, Perry B, Sawyer P, Conklyn M, McCurdy S, et al. (2004) The Novel
JAK-3 Inhibitor CP-690550 Is a Potent Immunosuppressive Agent in Various
Murine Models. American Journal of Transplantation 4: 51–57.
38. Jemal A, Siegel R, Xu J, Ward E (2010) Cancer Statistics, 2010. CA: A Cancer
Journal for Clinicians 60: 277–300.
39. Ghaneh P, Costello E, Neoptolemos JP (2007) Biology and management of
pancreatic cancer. Gut 56: 1134–1152.
40. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, et al. (1988) Most
human carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cell
53: 549–554.
41. Schlieman MG, Fahy BN, Ramsamooj R, Beckett L, Bold RJ (2003) Incidence,
mechanism and prognostic value of activated AKT in pancreas cancer.
Br J Cancer 89: 2110–2115.
42. Zapatka M, Zboralski D, Radacz Y, Bockmann M, Arnold C, et al. (2006)
Basement membrane component laminin-5 is a target of the tumor suppressor
Smad4. Oncogene 26: 1417–1427.
43. Levy L, Hill CS (2005) Smad4 Dependency Defines Two Classes of
Transforming Growth Factor {beta} (TGF-{beta}) Target Genes and
Distinguishes TGF-{beta}-Induced Epithelial-Mesenchymal Transition from
Its Antiproliferative and Migratory Responses. Mol Cell Biol 25: 8108–8125.
44. Kayed H, Kleeff J, Osman T, Keleg S, Bu ¨chler MW, et al. (2006) Hedgehog
Signaling in the Normal and Diseased Pancreas. Pancreas 32: 119–129.
110.1097/1001.mpa.0000202937.0000255460.0000202930c.
45. Korc M, Chandrasekar B, Yamanaka Y, Friess H, Buchier M, et al. (1992)
Overexpression of the epidermal growth factor receptor in human pancreatic
cancer is associated with concomitant increases in the levels of epidermal growth
factor and transforming growth factor alpha. The Journal of Clinical
Investigation 90: 1352–1360.
46. Sporn MB (1976) Approaches to Prevention of Epithelial Cancer during the
Preneoplastic Period. Cancer Research 36: 2699–2702.
47. Dreosti IE, Wargovich MJ, Yang CS (1997) Inhibition of carcinogenesis by tea:
The evidence from experimental studies. Critical Reviews in Food Science and
Nutrition 37: 761–770.
48. Fujiki H, Suganuma M, Imai K, Nakachi K (2002) Green tea: cancer preventive
beverage and/or drug. Cancer Letters 188: 9–13.
49. Nakachi K, Matsuyama S, Miyake S, Suganuma M, Imai K (2000) Preventive
effects of drinking green tea on cancer and cardiovascular disease: Epidemio-
logical evidence for multiple targeting prevention. BioFactors 13: 49–54.
50. Yu G-p, Hsieh C-c, Wang L-y, Yu S-z, Li X-l, et al. (1995) Green-tea
consumption and risk of stomach cancer: a population-based case-control study
in Shanghai, China. Cancer Causes and Control 6: 532–538.
51. Stoner GD, Mukhtar H (1995) Polyphenols as cancer chemopreventive agents.
Journal of Cellular Biochemistry 59: 169–180.
52. Ahn H-Y, Hadizadeh KR, Seul C, Yun Y-P, Vetter H, et al. (1999)
Epigallocathechin-3 Gallate Selectively Inhibits the PDGF-BB-induced Intra-
cellular Signaling Transduction Pathway in Vascular Smooth Muscle Cells and
Inhibits Transformation of sis-transfected NIH 3T3 Fibroblasts and Human
Glioblastoma Cells (A172). Mol Biol Cell 10: 1093–1104.
53. Ji B-T, Chow W-H, Hsing AW, McLaughlin JK, Dai Q, et al. (1997) Green tea
consumption and the risk of pancreatic and colorectal cancers. International
Journal of Cancer 70: 255–258.
54. Dauer DJ, Ferraro B, Song L, Yu B, Mora L, et al. (2005) Stat3 regulates genes
common to both wound healing and cancer. Oncogene 24: 3397–3408.
55. Rius J, Guma M, Schachtrup C, Akassoglou K, Zinkernagel AS, et al. (2008)
NF-[kgr]B links innate immunity to the hypoxic response through transcriptional
regulation of HIF-1[agr]. Nature 453: 807–811.
56. Karin M, Lin A (2002) NF-[kappa]B at the crossroads of life and death. Nat
Immunol 3: 221–227.
57. Naugler WE, Karin M (2008) NF-[kappa]B and cancer–identifying targets and
mechanisms. Current Opinion in Genetics & Development 18: 19–26.
58. Grivennikov SI, Karin M (2010) Dangerous liaisons: STAT3 and NF-kB
collaboration and crosstalk in cancer. Cytokine & growth factor reviews 21:
11–19.
59. Syed DN, Afaq F, Kweon MH, Hadi N, Bhatia N, et al. (2006) Green tea
polyphenol EGCG suppresses cigarette smoke condensate-induced NF-[kappa]B
activation in normal human bronchial epithelial cells. Oncogene 26: 673–682.
60. Ahmad N, Cheng P, Mukhtar H (2000) Cell Cycle Dysregulation by Green Tea
Polyphenol Epigallocatechin-3-Gallate. Biochemical and Biophysical Research
Communications 275: 328–334.
61. Balasubramanian S, Adhikary G, Eckert RL (2010) The Bmi-1 polycomb
protein antagonizes the (2)-epigallocatechin-3-gallate-dependent suppression of
skin cancer cell survival. Carcinogenesis 31: 496–503.
62. Ahmad N, Gupta S, Mukhtar H (2000) Green Tea Polyphenol Epigallocatechin-
3-Gallate Differentially Modulates Nuclear Factor [kappa]B in Cancer Cells
versus Normal Cells. Archives of Biochemistry and Biophysics 376: 338–346.
63. Kim J, Zhang X, Rieger-Christ KM, Summerhayes IC, Wazer DE, et al. (2006)
Suppression of Wnt Signaling by the Green Tea Compound (2)-Epigalloca-
techin 3-Gallate (EGCG) in Invasive Breast Cancer Cells. Journal of Biological
Chemistry 281: 10865–10875.
64. Siegelin MD, Habel A, Gaiser T (2008) Epigalocatechin-3-gallate (EGCG)
downregulates PEA15 and thereby augments TRAIL-mediated apoptosis in
malignant glioma. Neuroscience Letters 448: 161–165.
65. Liau S-S, Whang E (2008) HMGA1 Is a Molecular Determinant of
Chemoresistance to Gemcitabine in Pancreatic Adenocarcinoma. Clinical
Cancer Research 14: 1470–1477.
66. Chrencik JE, Patny A, Leung IK, Korniski B, Emmons TL, et al. (2010)
Structural and thermodynamic characterization of the TYK2 and JAK3 kinase
domains in complex with CP-690550 and CMP-6. J Mol Biol 400: 413–433.
67. Cooper JE, Wiseman AC (2010) Novel immunosuppressive agents in kidney
transplantation. Clin Nephrol 73: 333–343.
68. Konoeda F, Shichita T, Yoshida H, Sugiyama Y, Muto G, et al. (2010)
Therapeutic effect of IL-12/23 and their signaling pathway blockade on brain
ischemia model. Biochem Biophys Res Commun 402: 500–506.
69. Park HB, Oh K, Garmaa N, Seo MW, Byoun OJ, et al. (2010) CP-690550, a
Janus kinase inhibitor, suppresses CD4+ T-cell-mediated acute graft-versus-host
disease by inhibiting the interferon-gamma pathway. Transplantation 90:
825–835.
70. Tak PP, Kalden JR (2011) Advances in rheumatology: new targeted
therapeutics. Arthritis Res Ther 13 Suppl 1: S5.
71. West K (2009) CP-690550, a JAK3 inhibitor as an immunosuppressant for the
treatment of rheumatoid arthritis, transplant rejection, psoriasis and other
immune-mediated disorders. Curr Opin Investig Drugs 10: 491–504.
72. Borie DC, Si MS, Morris RE, Reitz BA, Changelian PS (2003) JAK3 inhibition
as a new concept for immune suppression. Curr Opin Investig Drugs 4:
1297–1303.
STAT3 Signaling in Pancreatic Cancer
PLoS ONE | www.plosone.org 11 February 2012 | Volume 7 | Issue 2 | e31067